Microtubules are essential components of axon guidance machinery. Among -tubulin mutations, only those in TUBB3 have been shown to cause primary errors in axon guidance. All identified mutations in TUBB2B result in polymicrogyria, but it remains unclear whether TUBB2B mutations can cause axon dysinnervation as a primary phenotype. We have identified a novel inherited heterozygous missense mutation in TUBB2B that results in an E421K amino acid substitution in a family who segregates congenital fibrosis of the extraocular muscles (CFEOM) with polymicrogyria. Diffusion tensor imaging of brains of affected family members reveals aberrations in the trajectories of commissural projection neurons, implying a paucity of homotopic connections. These observations led us to ask whether axon dysinnervation is a primary phenotype, and why the E421K, but not other, TUBB2B substitutions cause CFEOM.
INTRODUCTION
The structural and functional integrity of the microtubule cytoskeleton is critical to human nervous system development. Microtubules are dynamic polymers that assemble from -tubulin heterodimers and support diverse functions inside the cell. Humans harbor nine genes that encode distinct -tubulin monomers, termed isotypes. Because isotype sequences are conserved across evolution (1) (2) (3) and isotypes differ in their spatial and temporal expression (2, (4) (5) (6) (7) , it has been suggested that distinct isotype compositions may confer unique properties to the microtubule polymer (8, 9) . However, the role of isotype diversity in supporting the multitude of microtubule-related functions remains unclear.
Human genetics has begun to provide insight into the role of specific tubulin isotypes. Twentythree unique human heterozygous missense mutations in genes that encode -tubulin isotypes TUBB2B and TUBB3 have been reported (10-14). Phenotype-genotype analyses support correlations between the mutated isotype and the resulting neurological phenotypes (11, 15).
Mutations altering TUBB3, which is expressed in post-mitotic neurons but not glia, segregate into two distinct phenotypic groups (11, 13, 15). Eight reported amino-acid substitutions in TUBB3 cause congenital fibrosis of the extraocular muscles (CFEOM), a congenital disorder in which maldevelopment of cranial nerve axons leads to ptosis (drooping eye lids) and restricted eye movements (11, (16) (17) (18) . A subset of mutations segregates with facial weakness, intellectual and social disabilities, and/or progressive sensorimotor peripheral neuropathy. Human neuroimaging revealed cranial nerve hypoplasia and a mouse model of the TUBB3 R262C substitution suggests this is due to cranial axon misguidance (11, 16) . This CFEOM mouse model also recapitulates the human anterior commissure and corpus callosum hypoplasia (11).
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Neither human neuroimaging nor mouse pathology has identified cortical lamination defects, indicating that CFEOM-causing mutations in TUBB3 lead to primary axonal dysinnervation (11, 15).
The second group of TUBB3 mutations includes six unique amino-acid substitutions that cause a spectrum of cortical dysplasias collectively termed malformations of cortical development (MCD), including gyral disorganization and simplification or polymicrogyria (PMG), a cortical dysplasia resulting from impaired neuronal migration and characterized by shallow sulci and excessive numbers of gyri on the brain surface (19) . Patients with MCD have intellectual and motor disabilities and can have comitant strabismus, but do not have CFEOM. Neuroimaging revealed corpus callosum hypoplasia and misguided fiber bundles in the internal capsule, suggesting additional axon pathfinding defects (13).
Eight amino-acid substitutions in TUBB2B, which is highly expressed in both neurons and glia, have been reported to cause tubulin folding defects and PMG. Affected family members also present with variable degrees of corpus callosum dysplasia (10, 12). The association of PMG with mutations that result in reduced TUBB2B levels suggests that TUBB2B may be essential for proper neuronal migration (10). A newly reported de novo TUBB2B mutation in a single patient associates with developmental delay in the setting of PMG and open-lip schizencephaly, and unilateral ptosis and exotropia in the setting of a thin ipsilateral oculomotor nerve (14).
These findings raise the possibility that TUBB2B, like TUBB3, has a critical role in axon guidance, but it remains unclear whether accompanying axon tract abnormalities are primary defects, or if they arise secondary to severe structural brain abnormalities. 6 We have now identified a novel heterozygous TUBB2B mutation that segregates with CFEOM, bilateral PMG, and a paucity of homotopic callosal connections (20) . Using this mutation, we ask whether mutant TUBB2B alleles can cause primary axonal dysinnervation, and why only a subset of TUBB2B mutations cause CFEOM. By introducing this mutation into developing mouse cortical neurons in a mosaic fashion, we do not induce migratory phenotypes and PMG, but do find disruptions in homotopic connectivity, thus providing evidence of a primary axonal phenotype. Using in vitro and in vivo cellular assays, we find that -heterodimers containing the E421K substitution incorporate into microtubule polymers and alter dynamic instability and specific kinesin-microtubule interactions. These molecular phenotypes differ from those caused by TUBB2B mutations that do not result in CFEOM, providing an explanation for the divergence in their respective phenotypes.
RESULTS

A genetically undefined syndrome is characterized by CFEOM with intellectual disability
We previously reported and have now re-examined an Australian-based Caucasian family in which the mother (I:2) and two (II:2 and II:3) of four children have CFEOM and intellectual disability (20) . The mother (44 yrs) and two affected daughters (20 & 21 yrs) display CFEOM with no significant changes since the initial report. All have bilateral ptosis (drooping eyelids), both eyes fixed in downgaze, and a compensatory chin-up head position. Vertical eye movements are severely limited with jerky convergent movements on attempted elevation, and horizontal movements are variably restricted. Both daughters showed significant intellectual 7 disability (<1 st percentile) in recent neuropsychological testing and had head circumferences <2 nd percentile, while their heights and weights fell in the 10-50 th percentiles. The mother, though not formally assessed, was previously reported to have low to average intellectual function (20) . One daughter has difficulty modulating her behavior. The remaining exams including slit lamp, fundoscopy, pupillary reaction, non-oculomotor cranial nerve function, motor strength and tone, deep tendon reflexes, sensory modalities, and coordination were normal. None have lost developmental milestones, experienced seizures, or developed symptoms of peripheral neuropathy. Nerve conductions studies of the older daughter were normal (Fig. 1A) .
Previous magnetic resonance imaging (MRI) scans of the daughters at ages 4 and 9 showed variable hypoplasia of affected extraocular muscles, and imaging of the mother at age 26 had revealed thinned medial and lateral rectus muscles, and hypoplastic superior rectus and levator palpebrae superioris muscles consistent with CFEOM (20) . The daughters' earlier scans, as well as repeat brain MRI scans at age 19 (II:3) and 20 (II:2), revealed prominent diffuse bilateral PMG (Fig. 1B) , dilation of the left lateral ventricle (Fig. 1B and C) with hypoplasia of the body of the ipsilateral caudate nucleus (Fig. 1C) , and fusion of an enlarged caudate nucleus head with the underlying putamen (20) . Both have a thin corpus callosum body with comparatively normal looking genu (Fig. 1D ). Retrospective review of the mother's scan (I:2) also revealed mild bilateral perisylvian PMG in addition to the previously reported ventricular and caudate asymmetries ( Fig. 1B and C) . 8 sequenced the disease genes at these loci, KIF21A and TUBB3, but did not identify diseaseassociated variants. Next, taking a candidate approach, we sequenced TUBA1A and TUBB2B and identified a heterozygous c.1261G>A nucleotide substitution in exon 4 of TUBB2B that cosegregated with affliction status and with a haplotype flanking the TUBB2B locus ( Fig. 2A and   B ). The TUBB2B variant was absent from 336 control individuals, dbSNP (http://www.ncbi.nih.gov/SNP), the 1000 Genomes Project (http://browser.1000genomes.org/index.html), and the NHLBI ESP Exome Variant Server (http://evs.gs.washington.edu/EVS/). No disease variants were found in TUBA1A.
The TUBB2B c.1261G>A mutation is predicted to substitute a positively charged lysine for a negatively charged glutamic acid at residue 421 of TUBB2B (E421K). E421 is evolutionarily conserved across -tubulin isotypes from yeast to human (Fig. 2C) . Along with E410 and D417, it is located in the C-terminal H12 -helix of β-tubulin and is crucial for kinesin-microtubule interactions (21) (22) (23) (24) (Supplementary Material, Fig. S1 ). This is remarkable, as we previously identified CFEOM3 disease-causing amino acid substitutions at TUBB3 residues E410 and D417 (11).
To estimate the frequency of TUBB2B variants underlying CFEOM, we sequenced TUBB2B in 25 additional families and 80 sporadic individuals with mutation-negative CFEOM or other vertical CCDD phenotypes, none of who were known to have PMG, and did not identify any additional disease-associated variants. Together, these data build and expand on a previous casereport that identified a de novo TUBB2B CFEOM mutation in a single individual (14), but also suggest that TUBB2B mutations are a rare cause of CFEOM. 
Abnormal intracortical homotopic connectivity is associated with TUBB2B-E421K
Using diffusion tensor imaging (DTI) data from both daughters, we performed diffusion tractography to interrogate the long-range coherence of the corpus callosum (CC), the brain's major interhemispheric/commissural white matter pathway. Consistent with the structural T1 MRI scans, DTI scans showed a mild to moderate paucity of fibers in the CC body, while the genu was less affected. Moreover, the directionality of commissural fibers in the CC body was strikingly abnormal. While CC fibers normally display left-right directionality, visualized as red tracks, many commissural fibers in the affected individuals were labeled green, indicating a dominant anterior to posterior directionality from which we can infer a paucity of homotopic connections ( Fig. 3A and B) . While the overwhelming majority of control CC fibers intersected the cortical midline perpendicularly, fibers in affected individuals traversed through the midline at oblique angles (Fig. 3B) . Furthermore, fiber bundles in the control were spaced in regular intervals while fibers in the affected daughters clustered irregularly, sometimes forming thick bundles (Fig. 3B ). This pattern of commissural fiber dysinnervation was not seen in nine genetically undefined PMG patients without CFEOM (Supplementary Material, Fig. S2 ), suggesting that disrupted homotopic intracortical connections associated with TUBB2B-E421K
were not secondary to cortical dysplasia, and may be a primary defect.
TUBB2B-E421K perturbs homotopic connectivity across the midline
To investigate how the TUBB2B-E421K substitution leads to abnormal homotopic connectivity, we introduced the mutant allele into a small number of wild-type callosal projection neurons (CPN) via in utero electroporation of E15.5 mouse cortical progenitors. We co-electroporated constructs to express GFP-alone or GFP with either HA-tagged Tubb2b (Tubb2b-WT-HA) or 10 Tubb2b-E421K (Tubb2b-E421K-HA). As a positive control we used constructs expressing GFP and either Tubb3-WT-HA or Tubb3-E410K-HA, which causes primary axonal dysinnervation in humans (11) (Supplementary Material, Fig. S3A and B) . We verified that all constructs produce functional tubulin that incorporates into neuronal microtubules (Supplementary Material, Fig.   S3C ).
To evaluate homotopic connectivity, we examined coronal sections of electroporated brains at P6 (Fig. 4A) and P14 (Fig. 4B ) and compared the ratio of axonal GFP signal intensity in the contralateral CC to that in the ipsilateral CC (Fig. 4C ). Since homotopic CPN acquire symmetrical connectivity across the cortical midline, axonal GFP intensity should be roughly equivalent on each side of the CC. As expected, we observed this in brains electroporated with GFP alone, and found no significant change in brains electroporated with Tubb3-WT-HA or Tubb2b-WT-HA. However, there was a significant decrease in the ratio of contralateral to ipsilateral GFP signal in brains expressing Tubb3-E410K-HA or Tubb2b-E421K-HA, compared to their respective controls at both P6 (Fig. 4D ) and P14 (Fig. 4E ). Since the phenotype did not resolve by P14, it is unlikely that axon outgrowth was simply delayed. Fig. S6 ). In addition, neurons expressing Tubb2b-E421K-HA acquired a midline phenotype highly similar to those expressing Tubb3-E410K-HA (Fig. 4) . Together, our data demonstrate that Tubb2b-E421K can cause axonal dysinnervation that is not secondary to cortical dysplasia, neuronal production, or 11 abnormal neuronal migration. Instead, the observed axonal dysinnervation, which is consistent with findings from human neuroimaging, appears to be a primary and dominant phenotype.
Tubb2b-E421K overexpression inhibits target innervation by commissural projection neurons
The consistency between human DTI and mouse electroporation results led us to explore other 
Tubb2b-E421K perturbs the layer-specificity of ipsilateral cortical microcircuitry
In addition to long-range contralateral connectivity, CPN axons also participate in the construction of local microcircuitry. In agreement with previous studies (26), we observed that at P6, following GFP electroporation at E15.5, the large majority of ipsilateral branching of layer II/III CPN occurred in layer V, while little occurred in layer VI. Electroporation of Tubb3-WT-
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HA produced branching patterns comparable to the GFP-alone condition, while electroporation of Tubb2b-WT-HA produced slight, but excessive branching in layer VI. Introduction of Tubb3-E410K-HA or Tubb2b-E421K-HA resulted in more prominent and excessive branching in layer VI, at levels that were visually greater than those of the Tubb2b-WT-HA condition (Fig. 6A ).
Quantitative analysis of the proportion of fluorescence intensity in layer VI versus layer V supported our observations (Fig. 6B) . Together, our electroporation experiments show that overexpression of Tubb2b-E421K perturbs the accuracy of target innervation by both local and long-range projections, processes that normally proceed through the generation of interstitial branches (27, 28) .
TUBB2B-E421K heterodimers co-assemble into microtubule networks
The dominant axonal phenotypes associated with TUBB2B-E421K could occur through various mechanisms. The E421K mutation could block the chaperone-mediated tubulin folding pathway and lead to globally decreased levels of tubulin heterodimer formation, as reported for other TUBB2B mutations (10). Alternatively, folded mutant -heterodimers could incorporate into and alter microtubule polymer function, as reported for TUBB3 mutations that cause CFEOM (11).
To explore these possibilities, we first tested the efficiency of TUBB2B-E421K -heterodimer formation in vitro. We generated wild-type (TUBB2B-WT-V5) and mutant (TUBB2B-E421K-V5) TUBB2B expression constructs fused to the C-terminal V5 epitope tag and performed in vitro transcription and translation in reticulocyte lysates, a cell-free system containing the chaperones necessary to mediate tubulin folding. Additionally, we expressed two mutants, TUBB2B-S172P-V5 and TUBB2B-F265L-V5, previously shown to obstruct the tubulin folding 13 process (10). TUBB2B-WT-V5, TUBB2B-S172P-V5, and TUBB2B-F265L-V5 cDNAs were transcribed and translated at equivalent levels, while the production of TUBB2B-E421K-V5 was somewhat reduced, even in the presence of protease inhibitors (Supplementary Material, Fig.   S8 ), indicating TUBB2B-E421K is transcribed and/or translated inefficiently. For -heterodimer formation and cycling assays, the production level of TUBB2B-E421K-V5 polypeptide was adjusted by increasing the concentration of template cDNA to match the WT output levels (Fig. 7A) . Electrophoresis under native conditions revealed that while production of native TUBB2B-E421K-V5 -heterodimer was decreased compared to that of TUBB2B-WT-V5, it was greater than S172P and F265L -heterodimer production (Fig. 7B ).
To assess whether folded E421K -heterodimers could assemble into microtubule polymers, the TUBB2B-WT-V5 and TUBB2B-E421K-V5 -heterodimers formed in reticulocyte lysates were co-polymerized with native brain tubulin. The efficiency of TUBB2B-E421K-V5 incorporation into the polymer lattice, scored by one round of microtubule polymerization and depolymerization, was similar, though slightly reduced, when compared to the level of TUBB2B-WT-V5 incorporation (Fig. 7C) . We evaluated the co-polymerization of TUBB2B-
E421K in vivo by transfecting HeLa cells with TUBB2B-WT-V5 or TUBB2B-E421K-V5
expression constructs, and extracting soluble tubulin with methanol fixation. Consistent with the in vitro polymerization assay, immunostaining against TUBB2B-WT-V5 and TUBB2B-E421K-V5 revealed comparable levels of E421K and WT TUBB2B incorporation into the microtubule lattice, when adjusted for total V5 expression (Fig. 7D) . Thus, although the E421K substitution reduces the efficiency of -heterodimer formation, the successfully folded polypeptide assembles into microtubule structures both in vitro and in vivo at levels that are quantitatively similar to those of TUBB2B-WT -heterodimers.
β-tubulin E421K substitution alters microtubule dynamics in vivo
To investigate how E421K heterodimers alter microtubule function we utilized budding yeast, which provides several advantages for exploring the functional consequences of human tubulin mutations. First, yeast permits the rapid insertion of site-directed mutations at the endogenous tubulin locus under the native promoter and regulatory elements. Such mutations can then be combined with fluorescently-tagged cytoskeletal proteins. This allows for phenotypic examination at a level of experimental control not easily attained in other systems, in which transgenic or over-expression approaches can result in non-physiological paradigms. Second, individual fluorescently-tagged yeast microtubules and kinesin motors are easily discerned during time-lapse microscopy, which allows one to quantitatively assess parameters of microtubule dynamics and kinesin localization. Third, CFEOM-causing mutations have now been identified in multiple -tubulin isotypes, each of which has a different level and pattern of expression. Yeast has a single β-tubulin isotype (Tub2p), which shares high sequence conservation with mammalian -tubulin isotypes (Fig. 2C) . Thus, modeling disease-causing mutations in yeast helps control for these differences and should ultimately help to discriminate between residue-specific and isotype-specific phenotypes.
For these reasons, we introduced the E421K corresponding mutation into budding yeast.
Heterozygous diploids were recovered at the expected frequency and displayed no growth defects when cultured in nutrient rich media, while haploid tub2-E410K and tub2-E421K spores were inviable, demonstrating compromised microtubule function (Supplementary Material, Fig.   S9 ). Since CFEOM-causing substitutions in TUBB3 compromise microtubule dynamics (11), we grew diploid tub2-E421K heterozygous cells on media containing increasing concentrations of the microtubule-destabilizing drug carbendazim to assay for changes in microtubule stability.
Compared to the WT strain, the tub2-E421K strain showed an increased resistance to carbendazim ( Fig. 8A and B) . Thus the E421K substitution, similar to E410K and other CFEOM-causing substitutions (11), stabilizes microtubules in vivo. In contrast, Tub2p haploinsufficiency substantially increased carbendazim sensitivity (Fig. 8A and B) . Importantly, these results demonstrate that E421K does not result in a loss of function in yeast, and affects microtubule dynamics in a dominant manner.
To determine how E421K alters microtubule stability, we generated WT and mutant β-tubulin strains expressing GFP-α-tubulin (GFP-TUB1) and used time-lapse microscopy to observe the dynamic behavior of astral microtubules in G1 cells (Supplementary Material, Movie 1). Astral microtubules in cells harboring the E421K substitution spent less time in the attenuated state and had significantly increased rates of polymerization and depolymerization when compared to microtubules in WT cells. However, the time that individual E421K microtubules spent growing and shortening remained largely unaffected (Fig. 8C and D) . Thus, the E421K substitution alters specific aspects of microtubule dynamic instability in a manner that may increase overall polymer stability.
The E421K substitution in β-tubulin can disrupt kinesin-microtubule interactions in yeast
Yeast cells with tub2p-E421K exhibited altered microtubule dynamics, including faster depolymerization rates that are reminiscent of cells lacking Kip3p, a plus-end-directed motor protein that regulates microtubule dynamics (29, 30) . Furthermore, E421 has previously been shown to be critical for kinesin-microtubule interactions in vitro (23, 24) . We therefore examined whether the E421K substitution affects Kip3p localization in vivo by generating WT and 16 heterozygous mutant cells that co-express equivalent amounts of Kip3p fused to three tandem copies of YFP (Kip3p-3YFP) (Supplementary Material, Fig. S10 ). In WT cells, formed bright foci at the plus-ends of growing microtubules and lower intensity spots along the microtubule lattice (Fig. 9A, solid white arrowheads) . Compared to WT signal, Kip3p-3YFP signal intensity was significantly reduced on the tips of E421K harboring microtubules, and severely reduced on the tips of E410K harboring microtubules (Fig. 9A open white arrowheads) .
Quantitative analysis of foci intensity supported our observations (Fig 9B) . We next generated WT and heterozygous mutant cells that co-express equivalent amounts of another yeast cytoplasmic kinesin, Kip2p, fused to three tandem copies of YFP (Kip2p-3YFP). We found that Kip2p-3YFP localization was not significantly reduced on microtubule plus ends harboring the E421K substitution (Supplementary Material, Fig. S11 ).
Since Kip3p is a microtubule depolymerase (29, 30) , it is possible that microtubule stabilization by E421K results in its diminished localization. To address this question, we measured Kip3p localization in cells harboring the C354S substitution, previously shown to directly stabilize microtubules both in vivo and in vitro (31) . In contrast to E421K and E410K, the C354S substitution produced a nearly 3-fold increase in Kip3p-3YFP localization at the microtubule tips (Supplementary Material, Fig. S12 ). Thus, reduced Kip3p-3YFP localization on E421K microtubules is not a result of increased microtubule stability. Together, our data show that E421K can alter kinesin localization and microtubule dynamics in a dominant manner and result in axonal dysinnervation in both central and peripheral axon tracts.
DISCUSSION
We have determined that a heterozygous TUBB2B-E421K amino acid substitution underlies a syndrome characterized by CFEOM and intellectual disability. Using MRI with DTI, we found underlying PMG, asymmetric basal ganglia dysmorphisms, and a paucity of homotopic connections. Overexpression of TUBB2B-E421K in mouse CPN prevents normal development of homotopic connectivity and target innervation, without perturbing cell migration. Yeast microtubules harboring the E421K substitution had increased polymerization and depolymerization rates, and reduced localization of Kip3p at their plus ends. Together, these data demonstrate that mutations in TUBB2B can induce axonal dysinnervation as a primary phenotype, and they provide further insight into the genetic, molecular, and cellular basis underlying the spectrum of tubulin-related neurological phenotypes.
Tubb2b dysfunction and axonal dysinnervation
Two major themes regarding axon development emerge from our studies. First is the apparent primacy of axonal dysinnervation in a TUBB2B disorder. All previously identified TUBB2B mutations result in severe cortical dysplasia (10, 12, 14), raising the possibility that associated white matter abnormalities are secondary phenotypes. Here, we present several lines of evidence that support TUBB2B-E421K is a cause of primary axonal dysinnervation. First, all three affected family members have CFEOM, of which all dominant forms are known to result from primary axonal dysinnervation (11, 32). Second, DTI analysis showed that the affected daughters developed an aberrant pattern of commissural fiber trajectories that is not common for other PMG patients we examined. Third, we demonstrated by electroporation that Tubb2b-E421K can induce axonal dysinnervation with no discernable neuronal production or migratory defects.
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Finally, introduction of E421K into yeast -tubulin produced molecular phenotypes that resemble the effects of E410K, a substitution in TUBB3 known to cause primary axonal dysinnervation.
The second emergent theme is the developmental selectivity of Tubb2b-E421K associated phenotypes. Overexpression of Tubb2b-E421K does not inhibit CPN axons from crossing the midline, but does disrupt their development as they traverse past the midline. Moreover, despite relatively normal growth of the primary axon, E421K-expressing neurons fail to generate interstitial branches appropriately; they send promiscuous branches into layer VI of the ipsilateral cortex, while their axons fail to innervate contralateral target regions. Both of these processes proceed through the development of interstitial branches (27, 28) . One explanation for these observed phenotypes is that E421K selectively alters a restricted set of molecular pathways associated with post-midline guidance, such as Wnt5a or calcium-dependent kinase 1a signaling (33-37). Since many neurological disorders are associated with selective phenotypes despite mutations in broadly expressed genes, understanding the relationship between Tubb2b-E421K and the selective vulnerability of certain developmental events and/or cell types is a broadly important and clinically significant area of investigation.
Dominant and potentially haploinsufficient contributions of TUBB2B-E421K
In agreement with previous reports (11, 32), our findings support a dominant etiology for haploinsufficiency because mutant proteins fold and incorporate poorly. Furthermore, knockdown of Tubb2b in rat cortical neurons induces a migratory defect (10), providing a strong link between TUBB2B haploinsufficiency and PMG. We show that the E421K substitution reduces TUBB2B -heterodimer production, while it does not significantly alter polymer incorporation. Thus, E421K may cause PMG as a result of TUBB2B haploinsufficiency.
TUBB2B is expressed, however, by both post-mitotic neurons and mitotic progenitors, including radial glia (38) . Radial glia guide cortical neuron migration (39) (40) (41) (42) (43) (44) (45) and their maldevelopment are associated with PMG (46-48). Thus, an alternative possibility is that TUBB2B-related PMG is the result of defective radial glia, in which microtubule function is dominantly altered.
Neuropathological analysis of a fetus that harbored the TUBB2B-S172P substitution showed that radial glia were disorganized and lacked apical-basal orientation (10, 19). Furthermore, kinesin binding site substitutions D417N and E421K in TUBB2B, which is expressed in radial glia, cause PMG, while kinesin binding site substitutions D417N/H and E410K in TUBB3, which is not expressed in radial glia, do not cause PMG (11, 12). Thus far, all functional studies of TUBB2B mutations have used electroporation to model the human phenotypes, and radial glial phenotypes are not easily discerned by this approach (49) . The generation of knock-in animal models harboring Tubb2b disease mutations will help resolve the cell-type and molecular etiology of this phenotype.
Differences between TUBB2B-CFEOM and TUBB3-CFEOM syndromes
There are apparent differences between CFEOM-causing mutations in -tubulin isotypes TUBB2B and TUBB3. First, the frequency of CFEOM-causing mutations appears to be much higher in TUBB3 than in TUBB2B. We have reported 29 CFEOM probands with TUBB3 mutations (11), but only one with a TUBB2B mutation. Second, the lone TUBB2B mutation in our CCDD cohort associates with PMG, while TUBB3 mutations do not cause cortical malformations, but can associate with additional cranial nerve dysfunction, progressive axonal polyneuropathy, and central white matter tract abnormalities (11).
These apparent differences may result from distinct spatiotemporal expression patterns of TUBB2B and TUBB3. The expression of TUBB2B, but not TUBB3, in mitotic progenitors, including radial glia (4, 38, 50), may account for the uniform prevalence of PMG associated with TUBB2B but not TUBB3 mutations. Still, mutations in TUBB3 can sometimes result in cortical malformations, and even PMG, though these mutations do not simultaneously cause CFEOM (13). Thus these mutations may be mechanistically different than CFEOM-causing mutations in TUBB2B and TUBB3. Isotype expression differences may also render TUBB2B mutations to be generally more deleterious than TUBB3 mutations, leading to a higher incidence of embryonic lethality and a paucity of TUBB2B mutations in our CFEOM cohort. In support of this, six of the fourteen TUBB3 mutations have been familial (11, 13), while this is the first of nine reported TUBB2B mutations to be so. Finally, the association of TUBB3-D417N/H and -E410K substitutions with peripheral sensorimotor axonal polyneuropathy may reflect the persistently elevated expression of TUBB3, but not TUBB2B, in the peripheral nervous system (51).
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TUBB2B-CFEOM and TUBB3-CFEOM phenotypes may also differ due to intrinsic differences in isotype function. Though -tubulin isotypes show over 90% conservation in amino acid sequence, key differences exist, especially in the C-terminal tail (3, 52) which is known to differentially regulate MAP binding (53) (54) (55) (56) . Microtubules with different isotype compositions also exhibit different dynamic profiles (57) . Interestingly, it was recently reported that a de novo D417N substitution in TUBB2B resulted in symmetric PMG, but not CFEOM (12). This finding might suggest that the conserved D417 residue has divergent functions in distinct isotypes.
However, the TUBB3-D417N substitution results in a relatively mild phenotype in which both CFEOM and a progressive axonal neuropathy have variable expressivity (11). Thus, additional individuals with TUBB2B-D417N substitutions will need to be identified in order to determine if this substitution can also result in CFEOM.
Molecular phenotypes and CFEOM pathogenesis
By defining an allelic series of CFEOM-causing mutations in TUBB3 and now TUBB2B, strong correlations emerge between molecular phenotypes and the disease. All nine CFEOM mutations in our cohort, from two different human isotypes, produce resistance to the microtubule destabilizing drug carbendazim, or its precursor benomyl, and all alter the dynamic growth and shortening of microtubules. This is especially striking since alanine-scanning analysis of yeast Tub1p only produced 6 of 53 mutations that confer any resistance to benomyl, while 37 mutations resulted in benomyl sensitivity (58) . If microtubule dynamics were not related to CFEOM pathogenesis, it is unlikely that 100% of CFEOM mutations would produce benomyl resistance. Thus, our studies currently support a model in which altered microtubule dynamics underlie cranial nerve misguidance.
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Structurally, CFEOM-causing substitutions alter residues predicted to directly interact with MAP and motor proteins, or reside in regions at the interface between -heterodimers (11, 14, 15). In theory, these substitutions could alter microtubule dynamics by directly interfering with tubulintubulin interactions, or by changing the activity of proteins that regulate the growth and shortening of microtubules, such as kinesins (59) . Previous analysis of cytoplasmic kinesins in the yeast model system revealed that five of eight CFEOM mutations in TUBB3 perturbed the normal localization of the regulatory kinesin Kip3p, which depolymerizes microtubule plus-ends (29, 30) , while Kip2p localization was less severely affected. This trend suggests that some CFEOM mutations alter regulatory molecules, thus leading to pathogenic microtubule dynamics.
In this study, we model a CFEOM mutation from a second human tubulin isotype, TUBB2B, and again find that Kip3p localization is more severely affected than that of Kip2p. The striking consistency of molecular phenotypes among CFEOM mutations argues that the emergent biochemical properties are central to the molecular etiology of CFEOM. Future in vitro biophysical and biochemical studies, combined with in vivo modeling in neurons will be necessary to determine the precise molecular cascades that lead to cranial nerve misguidance. These studies will also likely provide important insights into the role of individual -tubulin isotypes and specific residues during normal development.
MATERIALS AND METHODS
Detailed methods can be found in the Supplemental Methods available online. In utero electroporation and histology. All animal experiments were carried out in accordance with protocols approved by the Boston Children's Hospital Institutional Animal Care and Use Committee and with institutional and federal guidelines. Electroporation, histology, and immunocytochemistry were performed as previously described (60-62). Briefly, DNA (1 mg/ml 24 for each plasmid) was pressure injected into the lateral ventricle of embryos of timed pregnant CD1 females, and five 50 ms 45 mV pulses at 1 s intervals were applied. Brains were fixed at appropriate ages and cut into 50 m sections. Primary antibody was applied overnight at 4C and secondary antibody was applied for 3 hours at room temperature the next day.
Clinical and Genetic
Immunofluorescence analysis. Midline crossing was quantified as the ratio of contralateral to ipsilateral axonal GFP intensity in the CC. Ipsilateral interstitial branching was quantified the ratio of layer VI to layer V branching. Image intensities were acquired using ImageJ software (NIH), and corrected for background intensity.
In vitro heterodimer formation and cycling. The cDNA encoding human TUBB2B was subcloned into pcDNA3.2/V5 DEST (Invitrogen), and disease-associated mutations were introduced using site-directed mutagenesis (Agilent Technologies). 125ng of WT, S172P, and F265L, and 188.5ng of E421K plasmid DNA were incubated with 25 l of reticulocyte lysate, with or without protease inhibitors (Roche) for heterodimer folding and cycling assays. All subsequent steps were performed as previously described (11). Briefly, following a 90-minute incubation at 30C, samples were chased with purified porcine tubulin, MgCl 2 , and GTP, and a small aliquot was analyzed by native PAGE. The remaining sample was cycled with porcine tubulin, and analyzed by SDS-PAGE. The relative cycling efficiency of mutant tubulin was quantified using ImageJ densitometry software and normalized against the WT.
HeLa cell incorporation assay. Transfected HeLa cells were fixed with methanol to extract soluble tubulin, and stained with fluorescent antibodies, as previously described (11). Total V5 expression was determined by collecting total protein lysate and analyzing by standard western and TUBB3 CFEOM mutations, and expressing GFP-Tub1 or CFP-Tub1 and Kip3p-3YFP or Kip2p-3YFP were generated as previously described (11, 29, 63) .
Microtubule Stability Assay. WT and mutant tub2 yeast strains were grown on increasing concentrations of carbendazim and scored for resistance, as previously described (11).
Yeast in vivo microtubule dynamics. Microtubules were visualized in vivo by time-lapse imaging of WT and mutant tub2 strains expressing GFP-Tub1, as previously described (11).
Kip3p and Kip2p plus-end localization.
Localization of Kip3p-3YFP or Kip2p-3YFP to plusends of astral microtubules was assessed in WT and mutant tub2 strains expressing CFP-Tub1p and Kip3p-3YFP or Kip2p-3YFP using live cell confocal microscopy as previously described (11, 29) . 
